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:   Malondialdehyde

INTRODUCTION
============

Intracerebral hemorrhage (ICH) is the most severe subtype of stroke and is associated with high morbidity and considerable mortality rates in middle- and low-income countries. Despite a continually evolving knowledge of ICH, the mortality rate has not decreased over time \[[@r1], [@r2]\]. Currently, the 30-day mortality rate of ICH is still as high as 35--50%, with approximately 50% of mortalities occurring within the first two days \[[@r3]\]. Brain injury after ICH is roughly classified into primary and secondary brain injury. Primary brain injury is mainly caused by the destruction and oppression of the brain tissue by the hematoma. Secondary brain injury is mainly due to an inflammatory response, which can aggravate brain edema near the hematoma.

Brain edema after ICH can cause poor outcomes such as severe neurological deficits, herniation, and even death \[[@r4]\]. There are numerous promising preclinical reports on ICH treatment, and most of these are focused on the treatment of primary injuries such as the reduction of intracranial pressure, control of blood pressure, and rehabilitation, and are available clinically. But unfortunately, none of the clinical treatments are centered on alleviating the secondary injury caused by the inflammatory response \[[@r5]\] or increasing the survival rate after ICH \[[@r6]\].

L-3-n-butylphthalide (NBP) is a drug that was originally extracted from the seeds of *Apium graveolens* Linn for acute ischemic cerebrovascular injury. It has been approved by National Medical Products Administration for the treatment of ischemic stroke in China since 2002. Previous studies have shown that NBP could have therapeutic effects on ischemic stroke through multiple mechanisms, including reducing the inflammatory response of ischemic stroke \[[@r1]\], attenuating microglia activation \[[@r3]\], decreasing the levels of cytokines such as tumor necrosis factor-alpha (TNF-α), reducing blood-brain barrier (BBB) damage and brain edema \[[@r4]\], and promoting remyelination process \[[@r7]\].

Although the original cause of the brain damage induced by ICH is different from ischemic stroke, the subsequent inflammatory pathological pathways and consequent brain edema in ICH share many common characteristics with ischemic stroke. Additionally, the secondary ischemic damage often occurs after the initial ICH \[[@r8]\]. Thus, we hypothesized that NBP treatment might have therapeutic effects against ICH. To date, very few studies have focused on the therapeutic effects of NBP on ICH. Here we report the therapeutic effects of NBP on a rat ICH model and explore its underlying molecular mechanisms.

In this study, we investigated the therapeutic effects of NBP on intracerebral hemorrhage in rat model. We found the evidence that NBP ameliorated neurological deficits, decreased hematoma expansion, brain water content, blood-brain barrier permeability and the expression of pro-inflammatory cytokine TNF-α and MMP-9 when dosed following ICH induction. Those results indicate that NBP have an anti-inflammatory effect, and thus may prevent secondary injury in the setting of ICH. Therefore, this study may provide additional prevention and treatment method for intracerebral hemorrhage, and expand the application of NBP.

RESULTS
=======

NBP improved the neurological function after ICH
------------------------------------------------

One of the consequences of ICH is impaired neurological function. In order to examine the therapeutic effects of NBP after ICH, we first performed the neurological deficit assay using mGarcia neurological scoring system, which has been widely used to investigate early pathophysiological changes. In this scoring system, the more severe the neurological damage, the lower the mGarcia score obtained. At 48h postoperatively, the sham group performed normally according to the modified Garcia score. The rats in vehicle group and NBP group showed a phenomenon of hemiplegia to the left after ICH operation. Although the mGarcia score for vehicle/NBP group were significantly lower than the sham group (P\<0.05), which means a significant neurological deficit after ICH, the NBP group's rats gained a significantly higher mGarcia score than vehicle group (P \< 0.05; [Figure 1A](#f1){ref-type="fig"}). These results suggest that NBP treatment can improve and rescue the neurological function after ICH injury effectively.

![**The therapeutic effects of NBP.** (**A**) NBP improved the neurological function after ICH; (**B**) NBP reduced the brain edema after ICH; (**C**) The HE staining of brain tissues (scale: 200 μm); (**D**) NBP attenuated the BBB permeability after ICH. Data were recorded 48 h after ICH modeling and were presented as the mean ± SD (n = 6, each group). \*, P \< 0.05. NBP: butylphthalide; BBB: blood-brain barrier; ICH: intracerebral hemorrhage.](aging-12-103342-g001){#f1}

NBP reduced the brain edema after ICH
-------------------------------------

Brain edema is one of the manifestations of brain damage. To explore the effect of NBP on brain edema after ICH, we investigated the extent of brain after saline or NBP treatment. The brain water content in the vehicle group was significantly higher than in the sham group (P \< 0.05). In addition, the brain water content in the NBP group was significantly lower than that in the vehicle group (P \< 0.05; [Figure 1B](#f1){ref-type="fig"}). Similar results were also observed using hematoxylin eosin (HE) staining. Significant tissue edema was observed in the group vehicle, but NBP treatment remarkably improved brain edema ([Figure 1C](#f1){ref-type="fig"}). These results showed that NBP could reduce the brain edema in ICH model.

NBP attenuated the BBB permeability after ICH
---------------------------------------------

A modified EB dye method was performed to investigate the vascular permeability of the BBB. The amount of EB exudation in the vehicle group was significantly higher than the amount in the sham group (P \< 0.05). Moreover, EB exudation in the NBP group was significantly lower than that in the vehicle group (P \< 0.05; [Figure 1D](#f1){ref-type="fig"}). Considering that the brain tissue of the lateral plane of the injured side was approximately 5 mm thick, this result showed that NBP could significantly decrease the EB extravasation significantly in ICH model.

NBP decreased the ICH-induced injured area
------------------------------------------

In order to visually show the effect of NBP on the expansion of hematoma, we used magnetic resonance imaging (MRI) to observe the brain of ICH model rats. All 6 animals had a clearly and identifiable hematoma develop after ICH insult, and typical T2-weighted images were illustrated in [Figure 2](#f2){ref-type="fig"}. The T2-weighted signal intensity of the injury area maintained hypo-intensity after 4 h, and converted to hyperintensity 48 h after ICH in both the vehicle group and NBP group ([Figure 2A](#f2){ref-type="fig"}). MRI T2WI examination of the head of the rats was performed at 4 h after ICH modeling. It can be seen that the lesion area of the NBP group was approximately the same as that of the vehicle group, and there was no statistically significant difference (p \>0.05). MRI T2WI was performed again at 48 hours after surgery. During the period from 4 hours to 48 hours after surgery, the lesion area of the vehicle group increased significantly, while the lesion area of the NBP group showed no significant change. That is, the expansive lesion area of the NBP group was significantly smaller than that of the vehicle group (15.22 ± 3.31 mm^3^ vs. 2.91 ± 0.40 mm^3^, P \< 0.05; [Figure 2B](#f2){ref-type="fig"}), indicating that NBP can effectively inhibit cerebral edema caused by ICH.

![**Effect of NBP on the changes of injured area volume post-ICH.** (**A**) Representative T2-WI images of the vehicle and NBP groups; (**B**) The hematoma volume at different time points (4h and 48h post-ICH) were quantified; (**C**) TNF-α and MMP-9 expression in peri-hematoma brain tissue; (**D**) TNF-α and MMP-9 expression in peri-hematoma brain tissue measured by immunohistochemistry staining (scale: 200 μm). Δ represented the expanded injured area volume, which was calculated by subtracting the volume measured at 48 hours from that at 4 hours. Data are presented as the mean ± SD (n=3, each group). n.s., no significant difference; \*, P \< 0.05. ICH: intracerebral hemorrhage; NBP: butylphthalide; MMP-9: matrix metalloproteinase-9; TNF-α: tumor necrosis factor-alpha.](aging-12-103342-g002){#f2}

NBP inhibited the expression of pro-inflammatory factor TNF-α and MMP-9
-----------------------------------------------------------------------

Previous studies indicated that inflammation could be the key mechanism of edema formation after ICH \[[@r9]\]. To explore whether NBP has anti-inflammatory effect in ICH rat model, we first examined the expression level of pro-inflammatory factor TNF-α in the brain tissue surrounding the hematoma area. The western blotting results showed that ICH injury led to an increase expression of TNF-α. Meanwhile, the NBP treatment can significantly reduce the expression of TNF-α compared with vehicle group. We also examined the expression of MMP-9, a downstream of TNF-α in the peri-hematoma cortex tissue. In the vehicle group, the upregulated TNF-α resulted in an upregulation of MMP-9 compared with sham group. In addition, the expression level of MMP-9 in the NBP group fell down compared with vehicle group ([Figure 2C](#f2){ref-type="fig"}). Similar findings related with the expression of TNF-α and MMP-9 was observed using immunohistochemistry staining ([Figure 2D](#f2){ref-type="fig"}). These results indicated that NBP have an anti-inflammatory effect, and thus may prevent secondary injury after ICH.

NBP inhibited oxidative stress and DNA damage
---------------------------------------------

Oxidative stress has been considered to be closely linked with inflammation, so we investigated the influence of NBP on super oxide dismutase (SOD), malondialdehyde (MDA), reactive oxygen species (ROS) levels. We found that in the group vehicle SOD ([Figure 3A](#f3){ref-type="fig"}) was decreased, but MDA ([Figure 3B](#f3){ref-type="fig"}) and ROS ([Figure 3C](#f3){ref-type="fig"}) increased significantly. However, NBP treatment remarkably reversed these trends and inhibited oxidative stress. Meanwhile, DNA damage marker, γ-H2AX, was measured after NBP treatment. We found that NBP remarkably suppressed the level of γ-H2AX suggesting that NBP could inhibit DNA damage ([Figure 3D](#f3){ref-type="fig"}).

![**NBP inhibited oxidative stress and DNA damage:** (**A**) SOD level in the serum; (**B**) MDA level in the serum; (**C**) ROS level in the brain tissues (scale: 300 μm); (**D**) γ-H2AX expression in peri-hematoma brain tissue. Data are presented as the mean ± SD (n=3, each group). \*, P \< 0.05. ROS: reactive oxygen species; SOD: Super oxide dismutase; MDA: Malondialdehyde.](aging-12-103342-g003){#f3}

DISCUSSION
==========

ICH is a stroke type with a very high mortality rate. At the beginning, tissue damage activated local inflammation, then the BBB was destroyed, followed by the recruitment of circulating inflammatory cells and subsequent secondary immunopathological changes, and finally the response of tissue repair \[[@r10]\]. Preclinical data suggested that elimination of initial neuro inflammation should be a key step in the treatment of ICH injury. For a long time, researchers have been looking for drugs to reduce inflammation and edema after intracerebral hemorrhage. A recent study demonstrated that activator protein 1 inhibitor SR11302 could reduce the expression of microglial IL-6 and TNF-α and brain-infiltrating leukocytes and thus attenuating inflammation and edema in ICH mice \[[@r11]\]. Our study demonstrates that treatment with NBP can partially relieve the symptoms of intracerebral hemorrhage, including the improvement of neurological outcomes, reduction of brain edema, attenuation of the BBB permeability, also decrease of ICH-induced injured area. The mechanism is to suppress the inflammatory reaction after ICH. The findings of our investigation provide new evidence that NBP may be effective in the treatment of ICH in addition to confirming the previously hypothesized therapeutic effect of NBP on ischemic stroke. To date, there have been few reports on the evaluation of NBP in an ICH model. We firstly proved that NBP can reduce inflammation and brain edema in ICH rats.

Brain edema plays an important role in secondary brain injury after ICH \[[@r12]\]. Accumulating data from preclinical and clinical studies suggest that inflammation could be the key mechanism of edema formation after ICH, causing cell swelling and BBB disruption. Previous studies have demonstrated that the inflammatory response could take place around the hematoma, with an infiltration of neutrophils, macrophages, and activated microglia \[[@r13]\]. Microglia mediated neuro inflammation plays an important role in the inflammatory injury of intracerebral hemorrhage \[[@r14], [@r15]\]. It has been reported that other chemical compounds like minocycline, curcumin, and magnolol, can also reduce microglia mediated neuro inflammation in ICH animal models, showing the potential application value in the treatment of intracranial hemorrhage. \[[@r9], [@r15], [@r16]\]. Neutrophils or polymorphonuclear leukocytes (PMNs) are the first leukocytes to infiltrate the nervous system after ICH, and could cause direct neurotoxicity to brain tissue and cell swelling by releasing TNF-α, matrix metalloproteinases (MMPs), and other cytokines \[[@r4], [@r17]\]. TNF-α is known for its ability to cause inflammatory reactions. TNF-α appears to be involved in inflammation, BBB, thrombogenesis, and vascular changes associated with brain injury. TNF-α has been shown to upregulate MMP expression, especially MMP-9, in inflammatory reactions. MMP-9 is one of the most important MMPs associated with BBB damage and could lead to an increase in cerebral vessel permeability \[[@r18], [@r19]\]. MMPs might also cause further damage by stimulating microglia, which could also be activated by thrombin and heme after ICH \[[@r20]--[@r22]\]. The main purpose of microglia cell activation is to clear the hematoma, but excessive activation can also result in neurotoxicity to brain tissue by releasing diverse toxic factors such as cytokines, chemokines, proteases, ROS, and heme oxygenase \[[@r21], [@r23]\]. In brief, intracerebral hemorrhage can cause inflammatory reactions by activating PMNs, microglia, and other cells, which can upregulate the expression of TNF-α, MMP-9, and other inflammatory cytokines, thereby causing BBB destruction and cell swelling and aggravating cerebral edema ([Figure 4](#f4){ref-type="fig"}).

![**NBP attenuated inflammation and brain edema in intracerebral hemorrhage.** NBP treatment substantially inhibit the inflammation, reduced ICH-induced brain edema, and then protected the BBB from disruption. BBB: blood-brain barrier; CNS: central nervous system; MMP-9: matrix metalloproteinase-9; NBP: butylphthalide; ROS:reactive oxygen species; TNF-α: tumor necrosis factor-alpha.](aging-12-103342-g004){#f4}

Despite numerous promising preclinical studies on ICH, only a few experimental approaches are aimed at reducing edema after ICH, and these treatments are limited in terms of their clinical utility \[[@r24]--[@r30]\]. Previous studies have shown that NBP has an obvious therapeutic effect on acute ischemic stroke by alleviating the inflammatory response, reducing brain edema \[[@r18], [@r31], [@r32]\]. Therefore, to assess the overlapping inflammatory and brain edema pathological mechanisms in ischemic and hemorrhagic stroke, we used an intracerebral hemorrhage model and explored the therapeutic effect of NBP in rats with intracerebral hemorrhage.

Our data showed that treatment with NBP reduced the brain water content after ICH. Consistent with the reduction in cerebral edema, the BBB permeability was also reduced. These data suggest that NBP could reduce brain edema and alleviate BBB disruption after ICH. The T2-weighted images showed that the expanded hematoma volume, which is one of the most important factor enhancing brain injury after ICH \[[@r19], [@r33]\], was significantly reduced in the NBP group. These images indicate that treatment with NBP post-ICH did not increase the risk of re-bleeding or hematoma enlargement, and might even reduce such risks after ICH.

Compared with the vehicle group, the initial (4h) hemorrhage volume of the NBP group appeared a little bit larger than that of the vehicle group, but there was no statistically significant difference. Previous study showed that NBP has antiplatelet effects, and antiplatelet medicines may increase the risk of intracerebral hemorrhage \[[@r34]--[@r36]\]. This was consistent with our results. Moreover, increasing the number of test animals can eliminate the influence of individual differences. However, 48 hours later, the volume of the hemorrhage in the NBP group became a little bit smaller than that in the vehicle group but without statistically significant difference. It was worthwhile pointing out that the enlarged hemorrhage became smaller in the 4-48h period after NBP treatment. In NBP group, the volume of cerebral hemorrhage at 48h was not significantly different from that at 4h, while in the vehicle group, the volume of hemorrhage at 48h was significantly expanded. The aggravation of clinical symptoms of intracerebral hemorrhage is related to the expansion of hemorrhagic foci and cerebral edema, and this re-expansion occurs mostly in the early stage \[[@r33], [@r37]\]. Therefore, the decrease of hematoma expansion after NBP treatment also shows the safety of NBP in ICH treatment.

Antihypertensive Treatment of Acute Cerebral Hemorrhage 2 (ATACH-2) trial found that anti-hypertensive treatment could reduce hematoma expansion, but had no significant effect on outcome of ICH \[[@r38]\]. Early hematoma enlargement is still an important cause of aggravation and poor prognosis of cerebral hemorrhage \[[@r33]\]. The ATACH-2 trial did not show that the benefit of hypotensive therapy may be related to over hypotension. In addition to the re-expansion of cerebral hemorrhage volume, there may be other factors such as initial lesion size or ICH localization play key roles in recovery. In clinical trials, treatment such as antiplatelet or anticoagulant therapy will affect the outcome of ICH \[[@r39]\]. In our animal model, neurological function tests indicated that NBP contributes to the partial recovery of brain function after ICH injury.

Meanwhile, NBP could inhibit the expression of both TNF-α and MMP-9 protein content around the hematoma, which play key roles in the mechanism of the inflammatory response and edema formation after ICH. The results of this study showed the underlying molecular mechanism of NBP in ICH rats via an inhibitory action on inflammation. A recent study also confirmed that NBP had an anti-inflammatory properties and thus promote the survival of oligodendrocytes in a mouse cuprizone demyelination model \[[@r40]\]. Decreasing the expression of TNF-α and other inflammatory cytokines could reduce cell swelling and cytotoxic edema after ICH. In addition, reducing the activation of MMP-9 could alleviate the damage to BBB permeability and vasogenic edema after ICH.

Our research provides the potential application value of NBP. However, there are still some limitations in this study. First, our results demonstrated that NBP could contribute to short term recovery of brain functions at least. A study involving 536 patients with acute cerebral hemorrhage showed that the early stage of cerebral hemorrhage was aggravated by neurological deficit. About 83% of patients have hematoma enlargement in early stage \[[@r41]\]. Clinically, the majority of hematoma enlargement in the early stage of cerebral hemorrhage occurred within 3-24 hours \[[@r37]\]. We investigated the early therapeutic effects of NBP in ICH injury. However, as mentioned above, ICH response lasts for 72 hours or even longer \[[@r10]\]. The extension of investigating period to 72 hours or longer time periods post ICH will help us better track the efficacy of NBP. Second, a previous study showed that after a single oral administration of 100 mg/kg NBP, the highest inhibition rate of NBP on platelets was 56% in the first 2 hours in normal rats \[[@r42]\]. Considering the inhibition of NBP on platelets, we only used a safe low dose of NBP in this investigation. In the follow-up experiment, we will use multiple doses to see whether NBP is dose-dependent on the treatment of ICH. Third, female animals shall be utilized in future studies to address any sex-related differences that may exist. In addition, the therapeutic effects of NBP, which might involve other mechanisms in addition to anti-inflammation, are not fully understood. Therefore, for the future treatment of ICH, further animal studies that focus on the molecular mechanism by selective blockade of the ICH relative pathway are necessary. Finally, previous studies showed that NBP could significantly inhibit platelet activation and might be an effective antiplatelet drug for ischemic stroke \[[@r34]--[@r36]\]. Therefore, future preclinical and translational studies are also needed to address the safety effects of NBP for the treatment ICH.

In summary, our results demonstrate that NBP inhibits the expression of TNF-α and MMP-9, thereby reducing inflammatory reactions, BBB damage, the ICH-induced injured area, and both cytotoxic and vasogenic edema. Our findings provide evidence for the treatment of intracerebral hemorrhage and the clinical application of NBP.

MATERIALS AND METHODS
=====================

Experimental animals
--------------------

A total of 45 pathogen-free and healthy adult male Sprague-Dawley rats (10 weeks old, 280-320 g) were purchased from Silikejingda Experimental Animals Corporation (Changsha, China). All experimental procedures on animals were conducted in accordance with the Guidelines for the Care and Use of Animals issued by the International Guidance Center of Life \[[@r43]\] and approved by the Animal Care and Use Committee of Central south University (Approved number: 2019-042). The rats were housed in the Hunan Provincial People's Hospital, China, in a controlled environment at a temperature of 22 ± 2 °C and a humidity of 40--50%, with a 12 h dark/ 12 h light cycle. Water and food were provided ad libitum. The rats were given 1 week to adjust to the new environment before the start of the experiment, then were randomly divided into three groups: (1) sham group (n = 15) without ICH modeling; (2) vehicle group (n = 15) with ICH modeling and saline treatment; (3) NBP group (n = 15) with ICH modeling and NBP treatment. The chemical structure of NBP and schematic diagram of experimental design were shown in the [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}. In subsequent experiments, 6 or 3 rats were used in each group. The exact number of animals was indicated in the figure legends.

Establishment of ICH models and drug administration
---------------------------------------------------

After the rats were anesthetized by intramuscular injection with ketamine (60 mg/kg) and xylazine (6 mg/kg), 2 μL (0.2 μL/min) of saline containing 0.4 units of bacterial collagenase (type IV; Sigma-Aldrich, Germany) were infused via a 30-gauge needle into the striatum (1.0 mm posterior, 4.0 mm lateral, 6.0 mm ventral to the cortical surface) \[[@r44]\]. The sham group was infused with 2 μL of saline. The needle was left in place for an additional 10 minutes following infusion to prevent backflow. The craniotomies were sealed with bone wax. The rats were left to recover in individual cages in the animal center under a 12/12 h light/dark cycle with free access to food and water. Rats in the NBP group were treated with NBP sodium chloride 30 minutes after ICH induction (CSPC NBP Pharmaceutical Co., Ltd., China, 25 mg/kg, twice per day, intraperitoneally \[[@r18], [@r31]\]), while rats in the sham and vehicle groups were given the same amount of normal saline by intraperitoneal injection.

Evaluation of neurological function
-----------------------------------

An investigator blinded to the treatment scheme conducted a modified Garcia test (mGarcia) on the experimental rats before ICH (Day 0) and 48 h after treatment. Neurological function was graded on a scale of 0 -18 (normal score: 18; maximum deficit score: 0). The mGarcia is a composite test of motor, sensory, and balance functions \[[@r8]\]. Rats with an abnormal score (\< 18) before ICH were excluded from the experiment.

Measurement of brain water content
----------------------------------

The rats were deeply anesthetized by intramuscular injection with ketamine (60 mg/kg) and xylazine (6 mg/kg) and decapitated. The brain water content was measured using a drying method \[[@r45]\]. With the cerebellar tissue removed, the wet weight of the right and left hemispheres was measured. Wet weight was measured using an MA110 electronic analytical balance (Shanghai Second Balance Instrument Factory, Shanghai, China). The brain tissues were then placed in an oven at 110 °C and dried for 24 h. The left and right hemispheres were then measured for dry weight. Brain water content was calculated using the Elliot formula: brain water content (%) = (wet weight - dry weight)/wet weight × 100%.

Assessment of BBB permeability
------------------------------

The vascular permeability of the BBB was evaluated using a modified Evans blue dye method \[[@r46]\]. Briefly, EB (2% in 0.9% saline; 3 mL/kg) was administered intravenously 2 hours prior to sacrifice. Via a thoracotomy performed under chloral hydrate anesthesia, intracardiac perfusion was performed through the left ventricle with saline to remove the intravascular EB dye and continued until the fluid from the right atrium became colorless. The rats were then decapitated and the brains quickly removed. The brain was weighed and homogenized in 2 mL of a 50% trichloroacetic acid solution. After centrifugation at 10,000 g for 20 min, the supernatants were diluted with ethanol (1:3), and the EB concentration was determined using a spectrophotometer at 620 nm for absorbance against a standard curve. EB extravasation was expressed in μg/g.

MRI examination of the ICH-induced injured area
-----------------------------------------------

Serial MRI examination was performed using a 3.0 T MRI (MAGNETOM Skyra MR D13, SIEMENSAGFWB: SIE, Germany) with a 4.3 cm diameter surface coil to assess the hematoma expansion 4 and 48 h after ICH induction (total n = 6, vehicle and NBP group). During the MRI examination, rats were anesthetized and placed in a prone position using the same method used for ICH induction. The MRI protocol consisted of a T2-weighted 3-dimension fast recovery fast spin echo (FRFSE) sequence with the following relevant parameters: repetition time (TR)/echo time (TE): 5860/119 ms, matrix size = 256 × 256, field of view (FOV) = 162 mm × 100 mm, slice thickness = 2 mm. Every image was converted to and saved as a Digital image and communications in medicine file, and a blinded observer measured the injured area from the T2-weighted images using Image J software (version 1.52, National Institutes of Health, USA). The injured area contour was extracted by manually outlining the regions of hyperintensity/hypointensity that were distinct from the surrounding brain tissue in each image \[[@r47]\]. The ICH-induced injured volume was calculated by Coniglobus formula. Volume = π/6 × length × width × layer thickness × layer number. The expanded injured area volume was calculated by subtracting the volume measured at 48 hours from that at 4 hours.

Western blotting
----------------

Forty-eight hours after ICH, three rats were randomly selected from each group. The rats received deep anesthesia followed by perfusion with 4% paraformaldehyde, and then were decapitated. Then, protein lysis and western blotting were conducted as described \[[@r48], [@r49]\]. The protein in the peri-hematoma brain tissue was extracted using a cell lysate, and the protein content in each slice was determined using Coomassie brilliant blue staining. Protein samples (50--100 μg) were loaded onto an 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose film, blocked using 5% skim milk powder, and subsequently incubated with primary antibodies diluted in blocking solution overnight. The following antibodies were used for western blot: mouse monoclonal anti-TNF-α (1:500, Proteintech Biotechnology, Rosemont, California), mouse monoclonal anti-MMP-9 (1:200, Proteintech Biotechnology), and mouse monoclonal anti-β-actin (1:4000, Proteintech Biotechnology). After washing with tris-buffered saline (TBS) 3 times, the membrane was incubated with secondary antibodies (horseradish peroxidase-conjugated anti-mouse or anti-goat IgG, 1:3000, Proteintech Biotechnology) at room temperature of 22 ± 2 °C for 1 h. Slices were developed using an enhanced chemiluminescence detection reagents for 3 min, exposed, and then fixed. The mean absorbance value from the western blot analysis was analyzed using a digital imaging analysis system, with the target absorbance serving as the reference.

HE staining
-----------

HE staining was performed as described previously \[[@r50], [@r51]\]. Briefly, brain tissues were isolated after the sacrifice of mice, and then fixed with 10% formalin for 48 h. OCT compound (Sigma, USA) was applied for tissue embedding, and 8-μm thickness sections were made using a frozen microtome. Five slides in each group were used for HE staining. Zeiss AxioVision (Jena, Germany) was applied for capturing.

Immunohistochemistry staining
-----------------------------

Immunohistochemistry staining was conducted as described previously \[[@r52]\]. Briefly, tissues were fixed with 10% formalin for 48 h. Tissue embedding using OCR compound and sections were conducted. The slides were heated for antigen repair, and washed twice (5 min/time). 5% H~2~O~2~ was used to culture tissues for 15 min, and then slides were washed twice (5 min/time). After blocking with 5% goat serum, tissues were incubated with primary antibodies at 񀂰C overnight. After washing twice (5 min/time), secondary antibody was used for incubation for 2 h at room temperature. Then DAB regent was used to incubate tissues, and Zeiss AxioVision (Jena, Germany) was used for capturing.

Statistical analysis
--------------------

Data analysis was performed using GraphPad Prism, version 6.01 (GraphPad Software Inc., San Diego, CA, USA). All results are expressed as mean ± SD. Group differences were assessed using Student's t test. P \< 0.05 was used to indicate a significant difference.
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